INTRODUCTION
The formation of deformation texture is an important material characteristic which influences the behavior of a material. A textured material usually exhibits certain levels of anisotropy which may or may not be desirable from a practical point of view. During a forming process, strip is progressively bent into complex shapes by passing it through a series of driven rolls or dies. Normally, punches and dies are designed so that successive stages in the forming of the part are carried out in the same die on each stroke of the press in a progressive forming method. However, total automation and the improvement of productivity and quality of the products is frustrated by the variability of the physical and mechanical properties of material feed stock. The directionalities of properties produced by rolling and other primary working processes can have important consequences on the fabricability of the material. For example, sometimes bending is more difficult when the bend line is parallel to the rolling direction than when the bend is made perpendicular to the rolling direction.
The characterization of this plastic anisotropy by uniaxial tensile or bend testing is time consuming, costly and can only be performed on a small fraction of the production material. The necessity of developing an on-line, in-process nondestructive sensing method is therefore desirable to minimize both the material and time losses during subsequent processing and insure through feed back control as well as consistency of material properties.
Ultrasound offers a practical way to extract quantative information concerning deformation mechanisms in material. Propagation velocities are determined by volume fraction and elastic constants in the specific propagation directions. Generally speaking, higher propagation velocity means higher elastic modulus. On the basis of the ultrasound-texture relation, ultrasonic velocity has been proposed to be a good indicator for texture characterization. The high orientation dependence of the formability of the cold rolled copper sheets can then be characterized by velocity information.
From the viewpoint of crystal structure, we may presume a preferential orientation of maximum stiffness along the fast propagation direction, and the degree of texture can be inferred by the normalization of velocity from the rolling to the transverse direction (perpendicuiar to the rolling direction on a rolling plane). Tittmann [1] [2] [3] observed that ultrasonic Lamb waves are more senslttve to the texture of a material than Rayleigh waves. ·Roe [4] showed that the anisotropy of the elastic properties can be fully characterized by three orientation distribution coefficients (ODC's), which are known as W 400, W 420, and W 440. In the long wavelength limit, Thompson et al [5, 6] formulated that these three coefficients can be deduced from the speeds of the fundamental symmetry Lamb mode So.
The interest here will emphasize the effect of the texture formation on the speeds of the So mode as a function of propagation angle and interpretation of the nature of deformed copper with properly controlled experimental parameters.
DEFORMATION MECHANISMS AND FORMATION OF ROLLING TEXTURES
The deformation mechanisms in copper have been the subject of many investigations. It is generally recognized that the most important deformation mechanisms responsible for the variety of f.c.c. deformed material are normal slip, cross-slip, and twinning [7 -13] , and the texture development in cold rolled copper is postulated to be the result of these deformation mechanisms.
It is assumed that the deformation mode in f.c.c. metal is slip on octahedral planes with varying amounts of cross-slip. The stress necessary to recombine the partial dislocations into cross-slip depends on the equilibrium distance of separation of the atoms, which in turn depends on the magnitude of the stacking fault energy (SFE) [8] . Generally speaking, the SFE in copper is high enough to activate sufficient numbers of independent slip systems. Dillamore [9] suggested that rotations due to slip on the two systems bearing the highest resolved shear stresses due to the biaxial stress system imposed by rolling lead to the development of the {110} <112> rolling texture, and this texture becomes progressively stronger with increased rolling reductions provided that a large amount of cross-slip does not occur. When extensive cross-slip does occur, rotation away from { 110} < 112> takes place, and eventually leads to the orientation { 112} <Ill>. However, discrepancies between theory and experiment are observed, for example, the {123} <412> and {552} <115> may be found in the rolling textures of copper, and the deviation from the predicated orientations and inhomogeneity introduced by graingrain interactions account for the complication of microstructure.
The deformation of a polycrystalline metal produces change in the morphology of the grains and subgrains which contribute to the deformation mechanisms and variations in the orientation of the coherently diffracting units in the structure that rule the prediction of texture. From the viewpoint of strain reactions in the vicinity of grain boundaries, the type of grain structure and grain size itself are closely related to the strain and strain gradient across the grain boundaries. In lightly deformed copper, the dislocations are formed and arranged on { 111} planes, and the elementary structure is first established to form the equiaxed cells. The equiaxed cell structure persists to high strain level with unchanged dimension. However, Malin [10] suggests that this structure is in its relaxation stage. The relaxation after removal of the stress congregates the dislocations on simple crystallographic planes. The sequence is that the dislocations accumulate locally to form the cell structure and then to develop slip within the cell. Many TEM and SEM investigations have been conducted to verify this assumption.
Results showed that the interiors of cells are relatively free from dislocations and boundaries are rather diffuse regions of high dislocation concentration. The cell structure of copper is incapable of supporting extensive homogeneous deformation, therefore an instability must develop if deformation is to continue. As a homogeneous slip mechanism, microbands are assumed to form due to edge dislocations in the primary slip system. These edge dislocations accumulate in two parallel subgrain walls, and rotate the inner part of the grain in the opposite direction with respect to the matrix. These make it possible to produce extensive cross-slip , but screw dislocations are prohibited by the extensive cross-slip. Hirsch suggested [ 12) that when the orientation difference increases, the activation of other slip systems becomes possible. Copper does, however, show some distinct structural inhomogeneities. The locally concentrated dislocation glide and dislocation channelling on active slip systems in microbands rotate the crystal orientation parallel to the plane of sheet without producing further misorientati ons.
At somewhat higher strain levels, instability develops again and shear bands form. Shear bands develop with a non-crystallographic geometry when normal crystallographic slip is strongly inhibited. These bands cross the grain boundaries without deviation and although they are planar in form, the planes involved are related to the specimen geometry and deformation process rather than the crystallography of the deformed copper [ 13) . Because of the high SFE of copper, the volume fraction of shear bands is small, and the contribution of shear bands to the development of rolling texture is less significant, therefore the shear band is assumed not to be a major operative deformation mode in copper. C 110 copper specimens were supplied in strip form. The specimens were rectangular in shape, 12 inches long, 6 inches wide and .01 inches thick with the long axis parallel to the rolling direction in the strip. Two different sets of copper samples were provided, each representing two different annealed grain sizes with a large grain size of 20 IJ.m and a small grain size of 5 J.lm. The samples were processed in a manner designed to produce "random" texture. Each set of samples contain four different cold rolled conditions: annealed, 15% cold work, 45% cold work, and 75% cold work. All specimens were finish machined to a surface roughness of approximately 5-9 J.linch. The test matrix is shown in Table 1. A device was designed to transmit and receive the fundamental symmetric Lamb wave mode (SO mode). Two precisely machined lucite wedges were pressed to the surface of each sample by spring loading. A commerical miniature piezoelectric transducer with a 2.25 MHZ resonant frequency was fixed to each lucite wedge to generate longitudinal waves. Fig 2 shows a schematic drawing of the experimental setup, and Fig 3 presents details of the ultrasonic transducer location and application apparatus. By finely adjusting the incident wave to a critical angle approximately 47.50 with respect to normal direction as shown in Fig 4, the longitudinal waves propagating in the lucite wedge will impinge into the copper sheet and propagate in the form of Lamb waves . A thin film of viscous gel served as the coupling medium between each wedge and the specimen surface to produce a consistent contact environment. In-plane measurements were taken every 5 degrees from the rolling direction to the transverse direction. An assumption of orthotropy was made based on the negligible measuring difference in the longitudinal and transverse directions.
An assumption of material nondispersiveness was made in the long wavelength limit. This assumption was predicted by computer analysis and experimentally found to be valid on all specimens tested.
RESULT AND DISCUSSION
An extensive effort has been made to relate the observed So mode velocity measurement to the deformation mechanisms and nature of rolling texture in copper. The complexity of the microstructure in copper lead to difficulty in verification of these deformation mechanisms. The effects of grain distribution orientation, morphology, and grain-grain interaction are implicit, and contributed little information through static microscopic examinations. Dislocation density and grain orientation are expected to react significantly to ultrasonic waves. Increase in velocity should indicate a low dislocation density at low strain levels and a higher degree of preferred grain orientation at high strain levels. Figure 5 shows the effect of cold work in copper for the 5 Jlm grain size specimen. The 15% cold rolled specimen has high dislocation density concentrated in the rolling direction. The dislocation density then shows an almost linear decrease as the transverse direction is approached. For the 45% cold work condition, in stead of mass-producing dislocations, the equiaxed cell structure proceeds to rearrange dislocations , and most of the plastic work is now employed on rotation of the misorient grains and the development of textures. Further cold working continues to align the grains to their preferred orientations, thereby increasing the volume fraction of preferentially orientated grains. This results in a significant increase in the overall velocity magnitudes, which also corresponds to the formation and alignment of microbands that tend to present themselves at high strain levels. Figure 6 , obtained from the 20 IJ.m grain size specimen indicates that grain size plays an important role in the measurement of So velocities. Due to the long wavelength of So waves compared to the width of the grain boundary, variation in grain size does not show much difference in velocity measured in the annealed state. The deviation of dislocation density caused by grain-grain interaction with given plastic work, however, shows the contributions of grain size effects in the deformed copper.
Generally speaking, the relative variation of velocities is proportional to the compared scale of grain sizes.
Further understanding of these results can be obtained by normalizing the measured velocities. The relative anisotropy is proposed to be evaluated through the use of normalization velocity factors [6, 14, 15] . Fig 7 compares the normalized velocity factors in different textured copper specimens to the data procured from experimental data obtained by Thompson [6] . These factors reflect the presence of texture , yet do not sense increased volume fraction of preferentially oriented grains with further plastic work . However, grain size effect can be deduced from the ultrasonic attenuation parameter, and the consistency of normalized velocity factors strongly points toward the possibility of separating the controlled cold work and grain size parameters in the future modeling of ultrasonic signatures with the help of careful calibration by other NDT methods. Definition of measurement direction Deformation mechanisms and formation of rolling textures are related to the variation of measured velocities. Experimental results indicate that grain size and cold work are explicit parameters which determine the dislocation density and preferred orientation of grains in cold rolled copper, and velocity of So are capable of monitoring texture-induced anisotropy.
Also the use of the normalization velocity factor shows the ability of this method that separates grain size and cold work variables. With the help of the ultrasonic attenuation variable and other NDT parameters, teamed signatures can be obtained and applied in the future development of on-line in-process interrogation sensors.
